Altricial nestlings are under strong selection pressures to optimize digestive efficiency because this is one of the main factors affecting nestling growth and survival. Bird species vary in their ability to assimilate different nutrients and current theory predicts that nestlings should also be able to adjust their nutritional physiology to feeding frequency. Variation in parental provisioning to nestlings would select for flexibility in nestling digestive physiology, which would allow maximization of nutrient assimilation. In the present study, by making use of a brood parasite-host study system in which great spotted cuckoo nestlings (Clamator glandarius) are reared by magpie (Pica pica) host foster parents when sharing the nest with host nestlings, we tested several predictions of the adaptive digestive efficiency paradigm. A hand-feeding experiment was employed in which we fed both great spotted cuckoo and magpie nestlings with exactly the same diet simulating one food abundance period and one food deprivation period. The results obtained show that cuckoo nestlings ingested more food, gained significantly more weight during the abundance period, and assimilated a higher proportion of the ingested food than magpie nestlings. These results demonstrate for the first time that cuckoo nestlings enjoy digestive adaptations that favour a rapid processing of the ingested food, thereby maximizing their intake rate but without decreasing digestive efficiency.
INTRODUCTION
Growth and survival of altricial nestlings depend on complex interactions among several factors, such as food availability, parental provisioning, nutritional need, nestling begging, nestling digestive efficiency, and predation risk. Digestive efficiency is the less studied of those factors, and has usually been ignored in the abundant literature on nutritional need and begging behaviour (Wright et al., 2010) . However, digestive efficiency is one of the most important factors affecting growth and survival because rapid growth is selected for by the risk of nest predation (Ricklefs, 1984) and growth is mainly limited by digestive capacity. This is because the success of a high food intake rate will be limited by the speed and efficiency in assimilating resources (Konarzewski et al., 1996; Caviedes-Vidal & Karasov, 2001) . Indeed, in altricial species, the digestive system comprises a much higher proportion of body mass early after hatching than in adulthood. Furthermore, during the first days of the nestling period, digestive anatomical structures (Lilja, 1983; Caviedes-Vidal & Karasov, 2001) , as well as morphological traits related to begging efficiency (such as oral commissures and tarsus length (Soler & Soler, 1990) or gape size (Gil et al., 2008) , show an accelerated growth as compared considered an adaptation for the high food intake needed for rapid growth rate. Indeed, growth deficiencies can have enormous consequences for the survival of juveniles and recruitment into the breeding population (Richner, Schneiter & Stirnimann, 1989; Magrath, 1991; Lindén, Gustafsson & Pärt, 1992) .
Nestlings of altricial birds are hence under strong selection pressures to optimize digestive efficiency. Digestion and assimilation of ingested food is a lengthy and complex process (Klasing, 1998) in which digestive efficiency is influenced by characteristics of the food (Karasov, 1990; Budden & Wright, 2008) , food intake rate (Karasov, 1996; Budden & Wright, 2008) , gut passage time (Budden & Wright, 2008) , gastrointestinal microbiome (Loreau, 2001; Karasov, Martínez del Rio & Caviedes-Vidal, 2011) , enzyme activity (Penry & Jumars, 1987; Karasov et al., 2011) , and hydrolysis and absorption rate (Karasov, 1990; Karasov et al., 2011) .
Based on these factors, a series of assumptions constitute the evolutionary background for the adaptive digestive efficiency paradigm in the context of nestling growth and development. The most important aim of the present study relates to the existence of adaptations in relation to the predictability of feeding. The frequency of parental provisioning to nestlings can vary according to food availability, meteorological conditions or predation risk (Lack, 1968; Fontaine & Martin, 2006; Eggers, Griesser & Ekman, 2008) . If unpredictable feeding conditions occur frequently, a flexibility in nestling digestive physiology that would allow maximization of nutrient assimilation would be advantageous (Budden & Wright, 2008) . For this reason, it has been suggested that, during periods of food abundance, it would pay nestlings to maximize food intake rate, even at the expense of efficient digestion (Budden & Wright, 2008) , whereas, during periods of food deprivation, it would be advantageous for nestlings to increase digestive efficiency by increasing the retention time of ingested food (Karasov, 1990 (Karasov, , 1996 .
In the present study, we performed hand-feeding laboratory trials in a brood parasite-host study system with the main aim of assessing individual digestive performance of magpie host nestlings (Pica pica) and great spotted cuckoo nestlings (Clamator glandarius) in detail, at the physiological level. Brood parasitic nestlings are reared by the host species and, in non-evictor species, such as the great spotted cuckoo, parasitic nestlings may frequently share the nest with host nestlings (Davies, 2000) . Digestive efficiency is influenced by many potential variables such as interfeeding intervals (McWilliams, Caviedes-Vidal & Karasov, 1999; Budden & Wright, 2008) , type of food (Brown & Downs, 2003; Yang et al., 2013) , and even prey size (Budden & Wright, 2008) . Furthermore, different species also vary in their ability to assimilate different nutrients (Afik & Karasov, 1995; Levey & Martínez del Rio, 2001 ). In the present study, we used a laboratory hand-feeding experiment in which we considered one food abundance period and one food deprivation period, during which we fed both great spotted cuckoo and magpie nestlings at regular intervals with pellets of the same size and used a fodder that enabled us to provide nestlings with exactly the same diet (see below). This experimental approach allowed us to test several predictions based on the assumptions of the adaptive digestive efficiency paradigm by comparing food intake and body mass loss and gain in brood parasite and host nestlings.
We are aware that any comparison of just two species cannot determine whether the results are a result of special life-history adaptations or simply the consequence of the divergent phylogenetic position of the two taxa (Garland & Adolph, 1994) . However, by comparing great spotted cuckoo and magpie nestlings, differences could be interpreted as adaptations because cuckoo nestlings are reared in magpie nests and they are fed with the diet that adult magpies provide to their own nestlings (Soler et al., 1995) . Given that adult magpies are omnivorous (Birkhead, 1991; Cramp & Perrins, 1994) , adult great spotted cuckoos are insectivorous (Cramp, 1985) , and magpies feed nestlings with animal and vegetable material (Soler et al., 1995; De Neve et al., 2007) , a higher digestive efficiency in cuckoo nestlings could probably not be interpreted as a consequence of phylogeny but rather as a digestive adaptation acquired by natural selection through the coevolutionary arms race occurring between brood parasites and their hosts. However, unequivocal conclusions about the adaptive nature of the differences in digestive performance between brood parasite and host nestlings would require additional studies in other brood parasitehost systems and a comparative study controlling for phylogeny.
Our starting hypotheses were:
1. Considering that cuckoo nestlings usually receive more food than magpie nestlings (Soler et al., 1995) , we predict that food intake should be higher for cuckoo than for magpie nestlings during all hand-feeding stages in which food was supplied ad libitum: (1a) during the accommodation period, (1b) during the abundance period, and (1c) after the period of food deprivation (see Material and methods). 2. We predict that, if cuckoo nestlings are able to ingest a higher quantity of food than magpie nestlings, they should lose a higher proportion of their DIGESTIVE EFFICIENCY IN CUCKOO-HOST SYSTEM 281 body mass during resting periods because of the production of a larger amount of faeces. 3. If cuckoo nestlings are able to ingest more food than magpie nestlings, we predict that during the abundance period, cuckoo nestlings will gain more weight than magpie nestlings. 4. Considering that cuckoo nestlings grow at a higher rate than magpie nestlings (Soler & Soler, 1991) , we predict that cuckoo nestlings should assimilate a higher proportion of the ingested food than magpie nestlings during both abundance and deprivation periods. 5. During the period of food deprivation, the assimilation efficiency of both species should increase with respect to assimilation efficiency during the period of food abundance (see above).
MATERIAL AND METHODS

STUDY SPECIES, STUDY POPULATION, AND
GENERAL METHODS
The great spotted cuckoo is a non-evictor brood parasite that uses the magpie as its primary host (Soler, 1990; Soler, Soler & Martínez, 1998) and coevolutionary relationships between both species have been found in several stages of the breeding cycle (Soler & Soler, 2000) . Magpies lay a mean clutch size of seven eggs (Soler et al., 2001 ) that usually hatch asynchronously (Husby, 1986) , and the mean brood size is approximately four chicks (Soler et al., 1998; 2001) . In naturally parasitized nests, cuckoo nestlings usually hatch 3-4 days before magpie nestlings (when the cuckoo has parasitized the nest before the start of incubation) and out-compete magpie chicks for food (Soler, Martínez & Soler, 1996) as a result of their initial size advantage because magpies preferentially feed the larger parasitic cuckoo nestlings instead of their own magpie chicks (Soler et al., 1995) . However, when cuckoo eggs are laid after clutch completion or at the end of the magpie laying period, cuckoos hatch simultaneously or after the host nestlings and suffer a reduction in their breeding success (Soler et al., 1998) . Cuckoo nestlings show faster growth and developmental rates and they have a shorter nestling period compared to magpie nestlings (Soler & Soler, 1991) .
Field work was carried out during the 2012 breeding season in the Hoya de Guadix (37°10′N, 3°11′W), a high-altitude plateau (approximately 1000 m a.s.l.) with cereal crops (especially barley, Hordeum vulgare), groves of almond trees (Prunus dulcis), and some areas with holm-oak trees (Quercus rotundifolia). Further information about the study area is provided elsewhere (Soler, 1990; Soler et al., 1998) .
A total of four experimental feeding sessions were completed under laboratory conditions. For each feeding session, we attempted to use four magpie and four cuckoo nestlings (depending on the availability of synchronous broods, see sample sizes below). All nestlings came from different nests and were taken between 12.00 h and 15.00 h. When we took a great spotted cuckoo nestling that was alone in the nest, another cuckoo nestling of similar age from a multiparasitized nest was left to avoid nest abandonment. Nestlings were weighed at the nest site [using a spring balance (Pesola), precision 0.1 g, or an electronic balance (Tanita) to the nearest 0.1 g] and individually marked with a nontoxic marker on their tarsus. Nestlings were brought to the laboratory by car, placing them in an artificial cotton nest lined with tissues, and keeping the cabin temperature at 25-30°C. When in the laboratory, nestlings were placed in individual artificial nests, and the temperature was maintained at 27-30°C for the duration of the experiment. Nestlings were taken from the nest at an age (see below) at which the thermoregulatory capacity is already well developed to maintain the body temperature at its optimum with an ambient temperature of 25-30°C. If the cabin temperature exceeded 30°C, the nestlings opened their mouths indicating that they were too hot. We started to hand-feed nestlings at 17.00 h, at least 1 h after they were placed in the artificial nests (see below). In all cases, nestlings were fed after a begging sequence. This time span allowed the nestlings to become accustomed to their new nest and to increase their hunger, thereby facilitating their propensity to beg for food. Light conditions in the laboratory during the experimental session were controlled by using artificial light.
The food fodder was prepared on the basis of commercial nestling food (Bogena; its main ingredients were cereal by-products, milk by-products, powdered egg, and honey) mixed with a source of extra protein (freeze-dried beef heart). It also included an indigestible marker of a green colour (chromium oxide at a concentration of 2 g kg -1 ), which allowed us to calculate biochemical nutritional parameters (i.e. the amount of absorbed nutrients after correction for endogenous losses) (an invesitation at the biochemical level is the focus of a companion study; L. A. Rubio, M. Soler, T. Pérez-Contreras and L. De Neve, unpubl. data). The proportion of the three components is 440 : 50 : 10 (Bogena: freeze-dried heart meat: chromium oxide). Under natural conditions, both magpie and great spotted cuckoo nestlings are fed mainly with insects, which usually have a high content in chitin, an indigestible component that is lacking from the fodder used in the present study. This could be a potential problem, although there is no reason to suspect that the presence of chitin could affect the digestibility of the other components of the diet.
The fodder was mixed with water and then prepared as pellets of 0.25-0.30 g using an electronic balance (Acculab; precision = 0.01 g). The use of pellets facilitated chick feeding and the quantification of ingested food. We counted the number of ingested pellets, and the amount of food consumed by each nestling was calculated by multiplying the number of pellets consumed by the mean weight of each pellet (0.274 ± 0.015, N = 580). The proportion of water was not controlled for exactly, although humidity was always very similar because it was the amount necessary to facilitate manufacturing the pellets. However, given that pellets were newly prepared for each feeding trial, magpie and cuckoo nestlings were always fed with pellets with the same proportion of water.
The hand-feeding experiment was initiated with 14 cuckoos and 16 magpies in four different experimental sessions, which started on 4, 11, 16, and 25 May, respectively. However, four magpies suffered diarrhoea on the first morning and were taken back to their natural nests and excluded from further analyses. For each experimental session, we matched developmental time of the two species (magpies consistently being a few days older than cuckoo nestlings because of slower development of the former; Soler & Soler, 1991) . Magpie chicks were taken at a mean age of 6.9 ± 0.2 days and cuckoos were taken at a mean age of 5.2 ± 0.2 days [general linear model (GLM): F 1,28 = 43.21, P < 0.0001]. Because the magpie is a larger species than the cuckoo, at that age, magpies already weighed slightly more than cuckoo chicks (GLM: F1,28 = 4.13, P = 0.052, magpie: 50.9 ± 2.1 g, N = 16; cuckoo: 45.6 ± 1.5 g, N = 14).
EXPERIMENTAL DESIGN
The nestlings were stimulated to beg always by the same person (MS), tapping on the nest, saying 'hola' (i.e. hello in Spanish), whistling, and dangling a food fragment close to the nestlings' bills, and were fed with a regular frequency dependent on the experimental trial (see below) because regular feeding visits are more efficient for nestling growth than variable visits (Clark, 2002; Royle, Hartley & Parker, 2006) . All faecal sacs produced by nestlings (mostly just after being fed) were collected, placed into a plastic bag with a zip fastener, labelled, weighed (electronic balance, precision = 0.01 g), and immediately frozen at −20°C for further analyses.
An index of food assimilation efficiency was obtained based on the general energetic principle that the difference between intake and excreta loss represents assimilated mass [100 − (total faecal weight/ total food intake) × 100]. This assimilation index is more properly called the 'apparent assimilable frac-tion' (Lepczyk, Caviedes-Vidal & Karasov, 1998 ) and can be regarded as an estimation of assimilation efficiency because no analytical data were obtained and endogenous losses were not determined (Wright et al., 2010) .
With respect to the timing of each experimental session, on the first day, we started to hand-feed nestlings at 17.00 h (accommodation period). At the beginning, during the first hour, we provided them only two pellets every 10 min. Later, we fed them ad libitum every 20 min until dusk (22.00 h). The objectives of this first day hand-feeding trial were to allow nestlings to become accustomed to the diet and to the experimental conditions, and to control for short-term (and partially long-term) variation in need. Experimental studies usually control short-term need (immediate nutritional requirements of a nestling in relation to the amount of food in the gut (Price, Harvey & Ydenberg, 1996) by hand-feeding nestlings to satiation at the start of the trials (Wright et al., 2002) . By providing food ad libitum with a frequency that matches natural feeding rates during a long period (almost 5 h), we avoided any problems derived from the excessive and artificial feeding that is usually carried out (Wright et al., 2002; Grodzinski, Hauber & Lotem, 2009 ). Long-term need (the overall condition of a nestling in relation to total amount of food required until independence; Price et al., 1996) cannot be controlled for in experimental studies. In the present study, in an attempt to control partially for long-term variation in need, we only collected chicks that were in an apparently optimal physical condition (i.e. nestlings with an appropriate body mass for their age and never the last nestling in the brood).
The experiment itself began the next day at dawn (07.30 h). First, we simulated a period of food abundance by providing food ad libitum in successive feeding sessions every 20 min between 07.30 h and 13.00 h. Nestlings were fed continuously until they became satiated [stopped begging, i.e. they did not gape in response to three successive stimulations to beg (see above)]. Later, after 2 h during which the nestlings were not fed, we simulated a period of food deprivation (between 15.00 h and 21.00 h) during which each nestling was fed every 30 min but with only 40-50% (during the two first experimental sessions) or 50-60% (during the third and fourth experimental sessions) of the food that it managed to ingest during the first period of food abundance (previously calculated). At the end of the food deprivation period, between 21.00 h and 22.00 h, the nestlings were fed ad libitum every 5 min. Nestlings were returned to their nests the next morning (i.e. the third day of the experimental session) after another hand-feeding session in which nestlings were fed on a diet based on DIGESTIVE EFFICIENCY IN CUCKOO-HOST SYSTEM 283 nondigestible vegetable (Lupinus angustifolius) fibre, a control needed to determine endogenous excretion for the companion study (L. A. Rubio, M. Soler, T. Pérez-Contreras and L. De Neve, unpubl. data), which reports on the nutritional adaptations of both the great spotted cuckoo and magpie nestlings.
STATISTICAL ANALYSIS
Repeated measures (RM) analysis of variance (ANOVA) was used to evaluate the effect of the experimental treatment (within factor: food abundance versus food deprivation), species (between factor), and the interaction term on the amount of ingested food, body mass gain, and the assimilation efficiency (dependent variables).
To explore differences between species (fixed factor) in the amount of ingested food and body mass loss during resting or accommodation periods, GLMs were applied.
Given that body mass may influence food intake and transit time (M. Soler, T. Pérez-Contreras, L. De Neve and L. A. Rubio, unpubl. data), all variables were standardized for the body mass of a nestling of 50 g, which is approximately the mean body mass of the nestlings used in the experiment (see above, dependent variable/body mass × 50).
Interaction terms were dropped from the models to make inference on the main effects (which has no effect on between factor effects in RM ANOVAs because they are always tested separately with or without the interaction term in the model). Post-hoc differences were analyzed with Tukey's honestly significant difference tests. Data are presented as the least square mean ± SE.
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RESULTS
FOOD INTAKE DURING PERIODS OF ABUNDANCE
AND DEPRIVATION
The effect of the treatment on the amount of food ingested was similar in both species (RM ANOVA: treatment × species F1,24 = 0.57, P = 0.45) (Fig. 1) . Both species ingested more food during the period of food abundance compared to the period of food deprivation (RM ANOVA: F1,25 = 647.4, P < 0.001) (Fig. 1) . However, the production of faecal sacs in both the abundance and deprivation periods was similar (RM-ANOVA: F1,24 = 0.021; P = 0.88). There were no significant differences between the species in the amount of food ingested in each period (RM ANOVA: F1,24 = 1.40, P = 0.25) (Fig. 1) .
During the afternoon of accommodation to the new diet, the amount of food ingested did not differ between species (GLM: F1,23 = 1.50, P = 0.23) (Fig. 2) . The time at which nestlings were taken from their nests did not influence the amount of food ingested in either of the species (GLM interaction term: F1,22 = 2.08, P = 0.18) and main effect (F1,23 = 0.06, P = 0.81). After the period of food deprivation, cuckoos ingested more food compared to magpies (GLM: F1,24 = 5.33, P = 0.03) (Fig. 2) .
BODY MASS LOSS DURING RESTING PERIODS
The body mass of nestlings or the ingested food during the accommodation period did not influence body mass loss overnight differently in each species (both interaction terms, P > 0.55). After dropping the interaction terms, both species lost a similar amount of weight overnight (GLM: F1,22 = 0.78, P = 0.38; cuckoo 3.1 ± 0.3 g; magpie 2.8 ± 0.4 g). The body mass Figure 1 . The mean ± SE amount of ingested food in cuckoo and magpie chicks in the abundant food period versus the deprivation period. of nestlings did not influence weight loss overnight in either species (GLM: F1,22 = 0.64, P = 0.43), although the food intake of nestlings during the accommodation phase was positively correlated with body mass loss overnight in both species (GLM: F1,22 = 12.02, P = 0.002) (Fig. 3) .
During the resting period of 2 h between both experimental phases, the body mass of nestlings or the ingested food during the abundant period did not influence body mass loss differently in each species (both interaction terms, P > 0.27). After dropping interaction terms from the model, both species showed a similar and small loss in body mass (GLM: F 1,22 = 0.38, P = 0.54; cuckoo = 0.24 ± 0.02 g; magpie:
0.30 ± 0.03 g). The amount of food ingested during the phase of abundance did not influence body mass loss during the resting phase in either of the species (GLM: F1,22 = 071, P = 0.79), although nestling body mass was marginally positively correlated with body mass loss in both species (GLM: F1,22 = 3.52, P = 0.07).
BODY MASS GAIN AND FOOD
ASSIMILATION EFFICIENCY
The experimental treatment had a different effect between species on body mass gain (RM ANOVA treatment × species F1,23 = 11.56, P = 0.002) (Fig. 4) . Although both species gained more weight during the period of food abundance compared to the period of food deprivation (RM ANOVA: F1,24 = 82.39, P < 0.001) ( Fig. 4) , cuckoos gained significantly more weight during the abundance period compared to magpies (Post-hoc Tukey's test, P = 0.009). Both species maintained their body mass during the period of food deprivation (Post-hoc Tukey's test, P = 0.99) (Fig. 4) .
The treatment had a similar effect on both species with respect to assimilation efficiency (RM ANOVA treatment × species F 1,23 = 0.21, P = 0.65) (Fig. 5) . However, during both experimental periods, cuckoos assimilated a higher proportion of the ingested food compared to magpies (RM ANOVA: F1,23 = 6.55, P = 0.017) (Fig. 5) .
Both species assimilated a larger proportion of the ingested food during the abundance period compared to the deprivation period (RM ANOVA: F1,24 = 21.26, P = 0.001) (Fig. 5 ).
DISCUSSION
Great spotted cuckoo and magpie nestlings ingested similar amounts of food during the accommodation Figure 2 . The mean ± SE amount of ingested food during the period of accommodation and during the food abundance period after food deprivation in cuckoo and magpie nestlings. period (Fig. 2) and during the abundance period (Fig. 1) , which is contrary to predictions 1a and 1b. However, after the period of food deprivation, cuckoo nestlings significantly ingested more food than magpie nestlings (Fig. 2) , which is in agreement with prediction 1c. This means that the ingestion capacity is similar in both species when they are being regularly fed but that, after a period of food deprivation, great spotted cuckoos are able to ingest a larger amount of food than magpie nestlings. This could be an advantage to the parasitic chick under natural conditions when food delivery rate by parents decreases; for example, in cases of intense rain (M. Soler, L. De Neve and T. Pérez-Contreras, pers. observ.), low food availability, and/or high predation risk (Fontaine & Martin, 2006; Eggers et al., 2008) . Under natural conditions, great spotted cuckoo nestlings ingest higher amounts of food than magpie nestlings (Cramp, 1985) surely as a consequence of higher needs as a result of a faster grow rate (Soler & Soler, 1991) .
We found that, in both species, the amount of ingested food is positively correlated with body mass loss during the subsequent night (Fig. 3) , which could be the consequence of a higher production of feces when more food is ingested. However, contrary to prediction 2, cuckoo nestlings did not lose more mass compared to magpies. Our experimental procedure was successful given that both species gained more weight during the period of food abundance and maintained weight during the period of food deprivation (Fig. 4) . On the other hand, according to prediction 3, great spotted cuckoo nestlings gained significantly more mass than magpie nestlings during the abundance period (Fig. 4) , which is the consequence of cuckoo nestlings ingesting more food than magpie nestlings during this period (see above).
Although the feeding regime had a similar effect on both species, great spotted cuckoo nestlings assimilated a higher proportion of the ingested food than magpie nestlings during both feeding sessions (Fig. 5) , which supports prediction 4. Perhaps other important factors in digestive performance such as density of epithelial transporters (Karasov, 1996) or gastrointestinal microbiome (Karasov et al., 2011) are contributing to the fact that great spotted cuckoo nestlings obtain greater assimilation efficiency. Indeed, great spotted cuckoo nestlings have a richer microbiota than magpie nestlings (Ruiz-Rodríguez et al., 2009a) . Given that a more diverse microbiota may improve degradation of organic matter (Loreau, 2001) , the richer microbiota found in cuckoo nestlings might explain their higher digestive performance (Ruiz-Rodríguez et al., 2009a) . Apparently, this effect might also apply within each species because microbiota diversity has been related to the immune response and to body condition in both great spotted cuckoo and magpie nestlings (Ruiz-Rodríguez et al., 2009b) .
Considering that the production of faecal sacs in the present study was not lower during the period of food deprivation (which is probably a result of the fact that a change in food intake affects faecal production with a delay of several hours (Karasov, 1990; Wright et al., 2010) , it could be suggested that differences in assimilation efficiency have to be considered with caution. However, this only applies to differences between the abundance and deprivation periods (see below), although it does not affect the comparison between both species given that all nestlings have been maintained under exactly the same feeding conditions.
In summary, our results show that cuckoo nestlings ingested more food, gained significantly more weight during the abundance period, and assimilated a higher proportion of the ingested food than magpie nestlings. According to the arms race theory between brood parasites and their hosts (Dawkins & Krebs, 1979; Davies, 2000) , these findings all support predictions derived from potential digestive adaptations in cuckoo nestlings, which favour a rapid processing of ingested food, thus maximizing intake rate and digestive efficiency. As far as we are aware, we also provide the first demonstration of its kind in any brood parasite-host system (however, additional studies in other systems are required to assess the generality of this conclusion). These adaptations surely contribute to the fact that, under natural conditions, great spotted cuckoo chicks usually outcompete magpie nestlings (Cramp, 1985; Soler et al., 1998) . Digestive adaptations in cuckoo nest- lings, which imply a greater food provisioning rate by foster magpie parents, may have evolved because of two reasons. First, cuckoo nestlings are not related to their foster parents or to their nest-mates, and thus are not limited by any inclusive fitness costs (Briskie, Naugler & Leech, 1994) . Second, selection pressures are always stronger on the evolution of parasite adaptations than on host counter-adaptations (Dawkins & Krebs, 1979; Servedio & Lande, 2003) , given that cuckoo nestlings always have to compete with magpie nestlings, whereas magpie nestlings only rarely (i.e. in parasitized nests) have to compete with cuckoo nestlings (the so called 'rare enemy effect') (Dawkins & Krebs, 1979; Grim, 2006) .
These digestive adaptations are added to other previously described adaptations that also contribute to the higher competitive ability of great spotted cuckoo nestlings compared to magpie nestlings. For example, the existence of two well developed palatal papillae (Soler et al., 1995) , the exaggerated begging displayed by cuckoo nestlings compared to magpie nestlings (Soler et al., 1999) , and the fact that great spotted cuckoo nestlings, in naturally parasitized nests, reject 66.7% of the feedings in which they were fed with cereal grains by their magpie foster parents (Soler et al., 2012) . This behaviour (i.e. rejecting food) has, as far as we know, never been described under natural conditions in nestlings of any other species, regardless of whether brood parasitic or not. Furthermore, cuckoo nestlings also have a significantly lower gut passage time compared to magpie nestlings (M. Soler, L. De Neve, T. Pérez-Contreras and L. A. Rubio, unpubl. data).
One of the most controversial issues of the adaptive digestive efficiency paradigm is the one related to assimilation efficiency in periods of food abundance compared to periods of food deprivation. It is usually assumed that, during periods of food deprivation, it would be adaptive to increase assimilation efficiency (Karasov, 1990 (Karasov, , 1996 , which was also our prediction 5. This is based on the assumption that unpredictable feeding conditions should select for physiological digestive plasticity (Konarzewski & Starck, 2000) , which was frequently supported in previous poultry studies (Plavnik & Hurwitz, 1985 , 1988 Santoso, Tanaka & Ohtani, 1995) . However, such evidence is very scarce for nestlings of fast-growing altricial passerines. For example, increased food intake induced lower assimilation rates in house sparrow (Lepczyk et al., 1998) and song thrush (Turdus philomelos; Konarzewski et al., 1996; Konarzewski & Starck, 2000) nestlings. This reduction in assimilation efficiency was only found when nestlings were repeatedly fed after satiation; for example, the 'overfed' experimental group reported in Konarzewski & Starck, (2000) . When nestlings were fed until they stopped begging ('intermediate fed' experimental group in Konarzewski & Starck, 2000) (i.e. the situation under natural conditions and the equivalent to our food abundance treatment), no reduction in assimilation rate was found. This means that, under natural food intake rate conditions, physiological digestive plasticity, if any, is probably scarce in nestling passerines and assimilation efficiency remains very similar, as emphasized in recent studies on house sparrows (Grodzinski & Lotem, 2007) and pied flycatchers (Ficedula hypoleuca; Wright et al., 2010) .
With respect to the present study, we should note that, in both great spotted cuckoo and magpie nestlings, faeces production likely remained at a higher level relative to food intake during the deprivation period because it actually included undigested residue formed during the preceding period of food abundance. Hence, assimilation efficiency was probably artificially low during the deprevation period in the present study.
Finally, although this result has to be considered with caution because assimilation efficiency was artefactually low (see above), we found that both great spotted cuckoo and magpie nestlings significantly increased their assimilation rate during the food abundance period compared to the food deprivation period (Fig. 5) , which is opposite to prediction 5. Konarzewski et al. (1996) and Lepczyk et al. (1998) also found that the assimilation rate of food-restricted young was lower than that in control or overfed nestlings. In the present study, cuckoo and magpie nestlings begged at a much higher intensity in the situation of food deprivation (Soler et al., 2012) and were more anxious and active than during the abundance period (M. Soler, L. De Neve and T. Pérez-Contreras, unpubl. data). This higher activity might have caused more weight loss (and consequently less assimilation efficiency) during periods of food deprivation than during food abundance conditions.
In conclusion, the results obtained in the present study not only support previous findings showing that the assimilation efficiency is not higher during food deprivation periods, but also show that it is even lower than during the food abundance periods. This suggests that the physiological digestive plasticity frequently supported in poultry studies does not appear to occur in fast-growing altricial passerines. which considerably improved the text. Research was conducted according to relevant national (Real Decreto 1201/2005, de 10 de Octubre) and regional (permissions provided yearly by la Consejería de Medio Ambiente de la Junta de Andalucía) guidelines. This work was supported by the Spanish Ministerio de Educación y Ciencia/FEDER (research project CGL2007-61940/BOS).
